A Novel Mechanism for Activation of the Protein Kinase Aurora A  by Eyers, Patrick A. et al.
Current Biology, Vol. 13, 691–697, April 15, 2003, 2003 Elsevier Science Ltd. All rights reserved. DOI 10.1016/S0960-9822(03)00166-0
A Novel Mechanism for Activation
of the Protein Kinase Aurora A
for efficient spindle formation. Although these studies
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Department of Pharmacology A activation. To determine the mechanism of activation
of Aurora A in Xenopus, we developed assays for theUniversity of Colorado School of Medicine
Denver, Colorado 80262 activation of Aurora A by proteins purified from Xenopus
egg extracts. Aurora A displays significant kinase activ-
ity after purification from bacteria, but this activity is
completely abolished by treatment of Aurora A with ei-Summary
ther purified PP1 or PP2A, indicating that kinase activity
is regulated by phosphorylation [11, 21]. To identifySegregation of chromosomes during mitosis requires
phosphorylation-dependent activators of Aurora A, weinterplay between several classes of protein on the
therefore assayed partially purified egg extracts by us-spindle, including protein kinases, protein phospha-
ing PP2A-deactivated Aurora A as a substrate in thetases, and microtubule binding motor proteins [1–4].
presence of PKI, an inhibitor of PKA. As shown in FigureAurora A is an oncogenic cell cycle-regulated protein
1, a highly active stimulator of Aurora A activity is presentkinase that is subject to phosphorylation-dependent
in a 0%–20% ammonium sulfate (AS) precipitate fromactivation [5–11]. Aurora A localization to the mitotic
mitotic egg extracts. This activity stimulated the incor-spindle depends on the motor binding protein TPX2
poration of radiolabeled phosphate into dephosphory-(Targeting Protein for Xenopus kinesin-like protein 2),
lated bacterial Aurora A (Figure 1A) and dramaticallybut the protein(s) involved in Aurora A activation are
increased Aurora A activity, which is demonstrated bothunknown [11–13]. Here, we purify an activator of Au-
by a marked decrease in Aurora A electrophoretic mobil-rora A from Xenopus eggs and identify it as TPX2.
ity and an increase in histone H3 phosphorylation (Fig-Remarkably, Aurora A that has been fully deactivated
ures 1C and 1D). One site that became phosphorylatedby Protein Phosphatase 2A (PP2A) becomes phos-
on Aurora A was Thr 295, a residue in the T loop of thephorylated and reactivated by recombinant TPX2 in
kinase whose phosphorylation is absolutely required foran ATP-dependent manner. Increased phosphoryla-
activity (Figure 1B, [11]). These results were consistenttion and activation of Aurora A requires its own kinase
with the likelihood that the activity in the extract wasactivity, suggesting that TPX2 stimulates autophos-
an ATP-dependent protein kinase and that it activatedphorylation and autoactivation of the enzyme. Consis-
Aurora A by direct phosphorylation. In addition to PKA,tently, wild-type Aurora A, but not a kinase inactive
which can phosphorylate and activate Aurora A in vitromutant, becomes autophosphorylated on the regula-
[21], we examined other purified, recombinant proteintory T loop residue (Thr 295) after TPX2 treatment.
kinases for activation of Aurora A. Interestingly, MitogenActive Aurora A from bacteria is further activated at
and Stress-Activated Protein Kinase (MSK1), but notleast 7-fold by recombinant TPX2, and TPX2 also im-
several other mitotic kinases, including polo-like kinase,pairs the ability of protein phosphatases to inactivate
MAPK, p90RSK, CAMKII, or Cdc2/cyclin B (MPF), phos-Aurora A in vitro. This concerted mechanism of stimu-
phorylated and activated Aurora A in vitro (data notlation of activation and inhibition of deactivation im-
shown). To further investigate the activation of Auroraplies that TPX2 is the likely regulator of Aurora A activ-
A by the AS fractions, we used a mutant Aurora A inity at the mitotic spindle and may explain why loss
which Asp281, the Mg/ATP-interacting catalytic residue,of TPX2 in model systems perturbs spindle assembly
had been mutated to Ala. This enzyme has no detectable[14–16]. Our finding that a known binding protein, and
activity, but is still a substrate for protein kinases such asnot a conventional protein kinase, is the relevant acti-
PKA (Figure 1F). Surprisingly, the activity in the 0%–20%vator for Aurora A suggests a biochemical model in
fraction did not phosphorylate kinase-dead Aurora A, inwhich the dynamic localization of TPX2 on mitotic
contrast to what would be expected if it were an activat-structures directly modulates the activity of Aurora A
ing protein kinase, although it readily stimulated phos-for spindle assembly.
phorylation of the inactivated wild-type enzyme (Figure
1E). This finding suggested that the partially purified
Results and Discussion activator mediates Aurora A activation by inducing its
autophosphorylation and autoactivation. The activating
TPX2 is regulated by the small GTPase Ran during spin- T loop residue Thr 295, which becomes phosphorylated
dle assembly in mitotic Xenopus egg extracts [14] and when the activator is incubated with Aurora A (Figure
plays a key role in regulating microtubule assembly in 1B), lies within the sequence Arg-Arg-X-Thr, a known
vertebrate cells [15, 16]. Depletion of Aurora A from motif for Aurora phosphorylation sites in substrates
Xenopus egg extracts disrupts the stability of the mitotic (Haydon et al., submitted; [22]).
spindle [17–20], suggesting that interaction between To characterize the Aurora A activator further, the
TPX2 and Aurora A could be an important prerequisite 0%–20% ammonium sulfate fraction was purified by four
chromatographic steps, culminating in anion exchange
chromatography on Mono Q (Figure 2A). Activity eluted*Correspondence: jim.maller@uchsc.edu
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Figure 1. Partially Purified Aurora A Activator
Regulates Aurora A Activity through Phos-
phorylation.
(A–D) PP2A-inactivated Aurora A (500 ng) was
incubated with 2 l resuspended 0%–20%
ammonium sulfate (AS) pellet and histone H3
and was assayed in the presence or absence
of 100 M [-32P]ATP for 20 min at 30C. The
reaction was terminated with SDS sample
buffer, and the proteins were separated by
SDS-PAGE on a 12% Anderson gel [6]. The
gel was stained with Coomassie blue to visu-
alize proteins (C) and was dried, and radioac-
tively labeled Aurora A (A) or histone H3 (D)
were visualized by autoradiography. To iden-
tify Aurora A phosphorylated at Thr 295, 10%
of the above reaction was separated by SDS-
PAGE, transferred to nitrocellulose, and blot-
ted with a phosphospecific antibody that rec-
ognizes Aurora A only when phosphorylated
at Thr 295 (B).
(E and F) The same resuspended 0%–20%
ammonium sulfate (AS) pellet or recombinant,
active PKA was incubated with inactive Au-
rora A, or Asp281Ala Aurora A, in the pres-
ence of 100 M [-32P]ATP, and, after separa-
tion by SDS-PAGE, radiolabeled phosphate
incorporation was determined by autoradiog-
raphy. (E) also shows a Coomassie-stained
gel of Aurora A upon completion of the assay
to demonstrate equal loading of the protein
kinase.
from the Mono Q column as a broad peak (fractions TPX2, but exhibited little activity in the activation assay.
This might reflect the low sensitivity of the assay or the25–29), as evidenced by the decreased electrophoretic
mobility of the Aurora A substrate upon incubation with absence of other proteins in the peak that contribute
to activity. Separate gel filtration studies demonstratedthese fractions (Figure 2B). For subsequent studies,
these fractions were pooled and further analyzed. The that the activator eluted from a Superose 12 resin as a
single peak of activity between 50 and 150 kDa (dataMono Q pool was highly effective in inducing Aurora A
autophosphorylation and generated Aurora A that was not shown).
TPX2 has been reported to be an Aurora A substrateactive and phosphorylated at Thr 295 (Figure 2C, upper
panel). Interestingly, we were still unable to find any and is required to target Aurora A to the mitotic spindle
during mitosis [12]. Thus, it seemed possible that theevidence for a protein kinase in the purified Mono Q pool,
either by assessing autophosphorylation of the pool in TPX2 in the purified fraction could be a candidate for
the Aurora A activator. To test whether TPX2 is responsi-the presence of [-32P] ATP or by assaying the pool with
nonspecific substrates (data not shown). It was evident ble for Aurora A activation, we cloned Xenopus TPX2
from a Stage 28–30 embryo head library. The clonedthat the pooled fractions contained a silver-stained band
that comigrated with TPX2 (Figure 2C, lower panel) and cDNA was inserted into the bacterial expression vector
pET30, and the His-tagged TPX2 was expressed andbecame phosphorylated upon incubation of the pool
with active Aurora A (data not shown). Analysis of the purified from the soluble bacterial lysate. The purified,
recombinant TPX2 comigrated with the TPX2 band im-Mono Q eluate by SDS-PAGE and TPX2 immunoblotting
(Figure 2B, bottom panel) demonstrated that the peak munoblotted in the Mono Q pool (Figure 2C, middle
panel). To test the effect of recombinant TPX2 on Aurorafractions contained high levels of TPX2. However, some
fractions at the trailing edge of the peak also contained A, we first assayed its effects on bacterial Aurora A,
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Figure 2. Purification of an Aurora A Activator from Xenopus Egg Extracts
(A) A schematic diagram of the purification procedure. Approximately 4 g of the 100,000  g supernatant from mitotic egg extracts was
precipitated with ammonium sulfate to yield approximately 400 mg soluble protein. The final Mono Q pool contained 100 g protein, of which
approximately 500 ng was TPX2.
(B) An elution profile of the final Mono Q chromatographic step. Forty 500-l fractions were collected and assayed for activity by using 500
ng PP2A-inactivated Aurora A as substrate in the presence of 100 M [-32P]ATP for 20 min at 30C. Reactions were terminated with SDS
sample buffer, and activated Aurora A was identified in the fractions by its decreased electrophoretic mobility on a 12% Anderson gel (Figure
2B, middle panel). The loaded hydroxyapatite pool (L) was also assayed in the presence and absence of ATP. Each column fraction was also
immunoblotted with an affinity-purified antibody raised against recombinant Xenopus TPX2 [13] (Figure 2B, lower panel). The peak of activity
(indicated by the horizontal bar on the elution trace) was pooled and stored at 80C.
(C) The pooled Mono Q pool was assayed further for total phosphorylation of Aurora (left panel) or Thr 295 phosphorylation (right panel) as
described in the Experimental Procedures. The Mono Q pool was also blotted for TPX2 (middle panel). Recombinant TPX2 (10 ng) comigrated
with the TPX2 band in the pool (Figure 2C, middle panel), and a silver-stained band in the active pool comigrated with the immunoblotted
TPX2 (Figure 2C, bottom panel, arrow).
which exhibits significant activity toward the substrate of TPX2 in the assay decreased the degree of activation
of Aurora A. Importantly, histone H3 was not phosphory-histone H3 (Figure 3A, lane 1). Remarkably, preincuba-
tion of TPX2 with recombinant Aurora A led to a marked lated by the bacterial preparation in the absence of Au-
rora A (Figure 3A, lane 7), and Aurora A activation wasincrease in the histone H3 activity of the kinase. Indeed,
a molar excess of TPX2 further activated the enzyme totally ATP dependent (data not shown). Moreover, As-
p281Ala or Thr295Val mutants of Aurora A were notapproximately 7-fold (Figure 3A, lane 3). This effect was
dose dependent, because decreasing the concentration phosphorylated or activated by TPX2, indicating that
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Figure 3. TPX2 Activates Aurora A In Vitro
(A) Recombinant, active Aurora A was incu-
bated with the indicated amounts of TPX2
and 0.5 mg/ml histone H3 for 20 min at 30C.
Phosphorylation of histone H3 was assessed
by SDS-PAGE and autoradiography. Fold ac-
tivation was calculated by Cerenkov counting
of the excised gel bands.
(B) PP2A-treated, inactivated Aurora A (500
ng) was incubated with 5 g recombinant
TPX2 or BSA and 0.5 mg/ml histone H3 for
20 min at 30C in the presence of 100 M
[-32P]ATP, and the incorporation of phos-
phate was determined by SDS-PAGE and au-
toradiography (upper panel). The activation
of Aurora A was demonstrated both by the
decreased electrophoretic mobility of the en-
zyme by SDS-PAGE by using the Anderson
system and by the incorporation of phos-
phate at Thr 295 (middle panels). The phos-
phorylation of TPX2 by TPX2-stimulated Au-
rora A was determined by SDS-PAGE on an
8% Laemmli gel and autoradiography, and a
stained gel of TPX2 in the assay is shown
above the autoradiograph (lower panel).
(C) PP2A-treated, inactivated Aurora A (500
ng) was incubated with 5 g (60 pmol) re-
combinant TPX2, 2.5 g (60 pmol) N-ter-
minal TPX2 protein (residues 1–374), 2.5 g
(60 pmol) C-terminal TPX2 protein (residues
375–715), or 5 g BSA and 0.5 mg/ml histone
H3 for 20 min at 30C in the presence of 100
M [-32P]ATP. Incorporation of phosphate
was determined by SDS-PAGE and autoradi-
ography (top panel). Activation of Aurora A
by TPX2 was also demonstrated by the incor-
poration of phosphate into Thr 295 (bottom
panel).
TPX2 stimulates Aurora A activity by increasing auto- more slowly migrating band contained the majority of
the incorporated phosphate, indicating that the mobilityphosphorylation at Thr 295 (see Figure S1A in the Sup-
plemental Data available with this article online). shift was due to phosphorylation (Figure 3B). These data
demonstrate that TPX2 is able to reactivate deactivatedThe activator purified from Xenopus eggs appears to
be TPX2 (Figure 2C, middle panel), and this purified Aurora A in vitro and may also explain why high histone
H3 concentrations inhibit the activation of Auorora Afraction catalyzes the reactivation of phosphatase-
treated (i.e., deactivated) Aurora A in vitro (Figure 2C, by TPX2 (Figure 3B). The N-terminal half of TPX2 was
recently demonstrated to mediate binding of TPX2 totop panel). To assess whether recombinant TPX2 could
also catalyze this reactivation, we incubated inactivated Aurora A in vitro [12]. To determine whether this portion
of TPX2 was also required to activate Aurora A, webacterial Aurora A with TPX2 in the presence or absence
of ATP. Remarkably, the inactive Aurora A became phos- assessed whether residues 1–374 (N-terminal half) or
residues 375–715 (C-terminal half) of TPX2 could acti-phorylated on Thr 295 and phosphorylated histone H3
when TPX2 was included in the assay (Figure 3B). Phos- vate Aurora A. As shown in Figure 3C, only the N termi-
nus of TPX2 activated Aurora A, as assessed by thephorylation of Aurora A was not dependent on histone
H3 (Figure 3B, lane 4) but did require ATP (Figure 3B, phosphorylation of both histone H3 and Thr 295. Further-
more, the N-terminal fragment of TPX2 was as good alane 3), indicating that Aurora A was autoactivated by
binding to TPX2. The activation of Aurora A by TPX2 substrate for Aurora A as full-length TPX2, whereas the
C-terminal fragment, which does not bind to Aurora Aalso led to marked phosphorylation of TPX2 (Figure 3B),
and strikingly, omitting the histone H3 substrate from [12], was neither a substrate nor an activator for Aurora
A (data not shown). These findings conclusively demon-the assay augmented TPX2 phosphorylation, indicating
that histone H3 and TPX2 are able to compete for Aurora strate that the amino terminus of TPX2 is sufficient to
both bind and activate Aurora A.A binding (compare lanes 2 and 4 in Figure 3B). Interest-
ingly, phosphorylated TPX2 migrated with a decreased The finding that Aurora A and TPX2 interact positively
to produce Aurora A activation prompted us to testelectrophoretic mobility on 12% Anderson gels, and the
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Figure 4. PP1-Mediated Aurora A Inactivation Is Inhibited by TPX2
Recombinant, active Aurora A (2 g) was incubated in phosphatase
buffer with 500 ng PP1 with or without preincubation with TPX2,
as indicated. After 30 min, the PP1 was inactivated with okadaic
acid, and 500 ng Aurora A was assessed for the presence of pThr
Figure 5. Model for Aurora A Activation on the Mitotic Spindle
295 or for activity by using histone H3 as substrate in the presence
During mitosis, TPX2 stimulates the binding, phosphorylation, andof 100M [-32P]ATP. The reaction was terminated with SDS sample
activation of Aurora A in cis. Active Aurora A is protected frombuffer, and histone H3 phosphorylation was assessed by autoradi-
inactivation by bound TPX2, presumably by preventing proteinography after SDS-PAGE on a 12.5% Laemmli gel. The phosphoryla-
phosphatase binding adjacent to the T loop residue, Thr 295. Activetion of TPX2 by Aurora A was also determined in the same assay
TPX2/Aurora A then regulates TPX2-dependent bipolar spindle for-by autoradiography after SDS-PAGE on a 12% Anderson gel [6].
mation through phosphorylation of substrates, which may includeThe phosphorylation state of Aurora A at Thr 295 was determined
the kinesin-related motor protein Eg5. Active Aurora A also phos-as above.
phorylates its activator, TPX2 (Figure 3B).
tected a closely related protein from PP1 inactivation,whether TPX2 could also modulate the interaction of
other Aurora A-interacting proteins. The dephosphory- recombinant, active Aurora B, which can also be inacti-
vated by PP1 [23], was evaluated. Interestingly, TPX2lation and inactivation of Aurora A by PP1 or PP2A
requires the removal of phosphate from Thr 295 and did not activate Aurora B, protect it from inactivation,
or increase its phosphorylation in vitro (Figure S1B). Thissubsequent deactivation of Aurora A toward exogenous
substrates (Haydon et al., submitted; [21]). To test finding demonstrates that TPX2 is not a direct inhibitor
of PP1. Taken together, these data indicate that TPX2,whether TPX2 could modulate this inactivation, we incu-
bated an excess of TPX2 with bacterial active Aurora A and more specifically the N-terminal half, is an Aurora
A-specific regulator and substrate, and that its likelyand asked whether PP1 could still inactivate the kinase.
Intriguingly, TPX2 was able to partially protect Aurora mechanism of action involves both stimulation of au-
toactivation and inhibition of deactivation of the kinase.A from inactivation by PP1 (Figure 4A), as judged both
by the protection of Thr 295 from dephosphorylation as This mechanism of activation is highly unusual, since
many protein kinases are regulated by direct phosphory-well as by phosphorylation of histone H3 (Figure 4). This
was demonstrated by first incubating the active Aurora lation by one or more “upstream” kinase kinases [24].
Recently, Ge and colleagues proposed that the stress-A with TPX2 or BSA for 10 min, followed by the addition
of PP1. After 30 min, okadaic acid was added, and activated MAPK p38 is regulated by a similar mecha-
nism to that described here [25]. TAB1, a scaffoldingAurora A activity was assayed by using histone H3 (and
TPX2) as substrate in a separate assay. The ability of protein in the p38 signaling pathway, was shown to
bind directly to p38 and stimulate autophosphorylationTPX2 to protect Aurora A from dephosphorylation by
PP1 was also evidenced by the high level of Aurora and autoactivation, eliminating the requirement for an
activating kinase kinase. In contrast, previous studiesA-mediated phosphorylation of TPX2 (Figure 4). Interest-
ingly, the N-terminal, but not the C-terminal, half of TPX2 had shown that p38 activation absolutely required the
dual specificity kinases MKK3 and MKK6 [24]. Auroracould also protect Aurora A from dephosphorylation by
PP1 (data not shown). TPX2 appears to have the unique A fits this model in that activation can be achieved either
by TPX2-stimulated autophosphorylation or by directability to directly prevent PP1 from inactivating Aurora
A, because phosphorylation of Thr 295 was maintained phosphorylation by conventional protein kinases such
as PKA (Figure 1F, [21]). It is likely that enhancementbefore and after PP1 treatment only when TPX2 was
present (Figure 4). The amino acids in human Aurora A of autoactivation of protein kinases by “inert” binding
proteins may be a more common mechanism of proteinthat target PP1 toward its substrates (Arg-Val-X-Phe)
are conserved in Xenopus Aurora A ([7], and data not kinase regulation than previously assumed. Our finding
that TPX2 regulates Aurora A activity is consistent withshown). It is therefore reasonable to assume that TPX2
is also able to modulate binding of PP1 to these motifs recently published studies of TPX2 regulation during
mitosis [14–16]. Experimental data support a model inin Xenopus Aurora A. To determine whether TPX2 pro-
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macology, UCHSC, Denver, CO) for a critical reading of the manu-which sequestered TPX2 is released from its interaction
script, and to the University of Colorado Cancer Center Core facilitywith importin- by Ran-GTP after nuclear envelope
for DNA sequencing (CA46934). This work was supported by a grantbreakdown [14]. Cytosolic TPX2 then both targets and, as
from the National Institutes of Health (DK28353-21) and by the How-
shown here, activates Aurora A on the spindle (Figure 5). ard Hughes Medical Institute. P.A.E. is an Associate and J.L.M. is
The related protein kinase Aurora B, whose substrates an Investigator of the Howard Hughes Medical Institute.
and subcellular location differ from those of Aurora A
[26], may also be directly regulated by interaction with Received: December 17, 2002
Revised: February 6, 2003substrates. The Aurora B substrate Survivin exists in a
Accepted: February 24, 2003complex with Aurora B and the chromosomal passenger
Published online: March 6, 2003protein INCENP, and this complex may regulate kineto-
chore attachment to spindle microtubules. Both Survivin
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